T wo general concepts have been put forward for cellular immunotherapy of malignant diseases, i.e., immunization strategies with the aim of eliciting and boosting specific antitumor immune responses, and adoptive transfer of effector cells with potent antitumor activity, such as CTL or NK cells. Tumor-specific Ags have been identified (1) , and various strategies of tumor vaccination with peptide-, DNA-, or dendritic cell-based vaccines have entered clinical evaluation, with only limited efficacy to date (2) . Alternatively, adoptive immunotherapy based on the transfer of large numbers of in vitro expanded antitumor effector cells, including tumor-specific, MHC class I-restricted CD8 ϩ CTL and NK cells is under investigation (3, 4) . In view of the limited clinical success of cancer immunotherapy to date, new strategies need to be explored. Apart from conventional MHC class I-restricted CD8 ϩ CTL and classical CD3-negative NK cells, unconventional T cells, including NKT cells and ␥␦ T cells, might contribute to the immune defense against tumors. In fact, recent evidence indicates that ␥␦ T cells play a significant role in the local immune surveillance and, moreover, can be activated to kill a variety of tumor cells.
Approximately 5-10% of peripheral blood CD3 ϩ T cells express a heterodimeric ␥␦ TCR instead of the conventional ␣␤ TCR. Most ␥␦ T cells lack CD4 and CD8 Ags, in line with their MHC-nonrestricted mode of ligand recognition (5) . Fifty to 95% of all ␥␦ T cells in the peripheral blood of healthy adults express V␦2 paired with V␥9, whereas V␦1 cells coexpressing various V␥ genes are primarily localized within the epithelia of the small intestine (6 -8) . Human V␥9V␦2 T cells recognize phosphorylated metabolites of the bacterial nonmevalonate isoprenoid biosynthesis pathway, so-called phosphoantigens, as well as various tumor cells, including Daudi Burkitt's lymphoma (9 -14) . V␦1 cells, the second most frequent subset of human ␥␦ T cells, recognize stressinduced MHC class I-related genes, MHC class I chain-related protein A (MICA) and B (MICB) (15) . MICA/MICB are also ligands for the NK cell receptor NKG2D, which is expressed on some V␦1 and V␦2 ␥␦ T cells and delivers an activating signal (16, 17) . Therefore, the cellular response of V␦1 T cells toward MICA/ MICB-expressing cells is integrated from signals generated through TCR-as well as NKG2D-dependent ligand recognition (18) . Additional cellular Ags recognized by human ␥␦ T cells include members of the CD1 family, notably CD1c (19) . The effector functions of ␥␦ T cells are not fundamentally different from those of ␣␤ T cells. ␥␦ T cells produce a variety of cytokines and exert potent cytotoxic activity toward various target cells, including many tumor cells (5) . Some ␥␦ T cells produce additional cytokines that are not commonly made by ␣␤ T cells, such as keratinocyte growth factor-1 and fibroblast growth factor-9, which presumably contribute to the role of local ␥␦ T cells in tissue repair (20 -22) .
Although their precise function in the immune system is not yet completely understood, substantial evidence indicates a pivotal role for ␥␦ T cells in monitoring the integrity of epithelial cells and thus in tumor defense. Experiments with gene-targeted TCR␦ Ϫ/Ϫ mice clearly revealed increased skin tumor rates upon exposure to the tumor promoter PMA or inoculation of squamous cell carcinoma (23) . The role of ␥␦ T cells in tumor defense was also revealed when TCR␦ Ϫ/Ϫ mice were inoculated with B16F10 melanoma cells or treated with methylcholanthrene (24) . Furthermore, it was recently shown that ␥␦ T cells (together with NK cells), but not ␣␤ T cells, rejected spontaneous disseminated B cell lymphomas inoculated into a variety of gene-targeted recipient mice (25) . ␥␦ T cells, which kill autologous tumor cells, have also been isolated from tumor-infiltrating lymphocytes in various solid tumors, including renal carcinoma, colorectal cancer, and lung carcinoma (26 -29) , and from leukemia patients (30) . Therefore, it is tempting to explore the potential of ␥␦ T cells for the immunotherapy of human tumors. Several studies have demonstrated the capacity of human ␥␦ T cells upon adoptive transfer to improve the survival of SCID mice inoculated with human nasopharyngeal carcinoma, melanoma, or Daudi lymphoma cells (31) (32) (33) . Such strategies are aided by the availability of synthetic phosphoantigens that are potent and selective activators of human V␥9V␦2 T cells (34) . Interestingly, aminobisphosphonates, which are in clinical use for the treatment of osteoporosis and bone metastasis, are also potent activators of the very same V␥9V␦2 T cell population (35) (36) (37) (38) . This raises the possibility that some already licensed drugs might be used to boost tumor-reactive ␥␦ T cells in vivo or, alternatively, to expand tumor-reactive ␥␦ T cells in vitro for subsequent adoptive immunotherapy (39, 40) .
In the present study we have investigated the tumor reactivity of human V␥9V␦2 T cells activated and expanded in vitro with the aminobisphosphonate alendronate against three solid tumor cell lines. Upon adoptive transfer into SCID mice, optimal therapeutic efficacy against the melanoma MeWo and the pancreatic adenocarcinoma PancTu1 required the repetitive transfer of alendronate-activated ␥␦ T cells. Based on our results, we propose that an effective ␥␦ T cellbased tumor immunotherapy might require both the endogenous activation of ␥␦ T cells with aminobisphosphonates or synthetic phosphoantigens and an adoptive transfer of in vitro expanded ␥␦ T cells.
Materials and Methods

Activation of peripheral blood ␥␦ T cells and establishment of ␥␦ T cell lines
PBMC from healthy adult blood donors were isolated by Ficoll-Hypaque density gradient centrifugation. PBMC (1 ϫ 10 6 /ml) were cultured in medium RPMI 1640 supplemented with 2 mM L-glutamine, antibiotics, 10 mM HEPES, and 10% heat-inactivated human serum and incubated at 37°C in a humidified atmosphere of 5% CO 2 in air. PBMC were stimulated with bromohydrin pyrophosphate (BrHPP) 3 (200 nM) or aminobisphosphonate alendronate (5 M) in the presence of 100 U/ml rIL-2 as indicated in Results. To establish V␥9V␦2 T cell lines, phosphoantigen-or alendronate-activated PBMC were restimulated twice at 14-day intervals with the respective Ag in the presence of irradiated PBMC feeder cells and rIL-2. Both protocols induced selective and dramatic expansion of V␥9V␦2 T cells. After the second restimulation, ␥␦ T cells were separated from remaining non-␥␦ T cells using the MACS system (Miltenyi Biotec, Bergisch Gladbach, Germany) to deplete CD4 ϩ , CD8 ϩ , TCR␣␤ ϩ , and CD56 ϩ cells. Additional large-scale expansion of V␥9 cells (that continued to coexpress V␦2) was performed in rIL-2-supplemented medium with repetitive restimulation using PHA and irradiated PBMC and EBV-transformed B cell lines as feeder cells as previously described (41) . Dead feeder cells were removed 3-5 days after restimulation by Ficoll-Hypaque density gradients.
Determination of ␥␦ T cell expansion in vitro
A previously described flow cytometry method, termed standard cell dilution assay (SCDA), was used to selectively measure the expansion of V␥9V␦2 T cells among the phosphoantigen-or alendronate-stimulated PBMC (42) . Briefly, samples were removed from cell cultures 5-8 days after initiation, washed, and stained with biotinylated anti-V␥9 mAb 7A5 (43), followed by PE-labeled streptavidin. Shortly before analysis in a FACScan (BD Bioscience, Heidelberg, Germany), propidium iodide (0.2 g/ml) and a known number of FITC-labeled and fixed standard cells were added. Based on the ratio to FITC-positive standard cells, the absolute number of viable V␥9 T cells per microculture well was calculated (42) . The proliferation of peritoneal exudate cells (PEC) and spleen cells (SC) isolated ex vivo from SCID mice inoculated with human tumor and ␥␦ T cells was measured by uptake of tritiated thymidine during 8-h culture.
Flow cytometry
The following mAb were used for characterization of ␥␦ (44) , and anti-V␥9 mAb 7A5 (43) were purified from hybridoma supernatants. Cells incubated with unconjugated mAb were subsequently incubated with the appropriate anti-mouse PE-labeled secondary Ab. Negative controls were incubated with a nonbinding primary Ab and the same secondary reagents. For double-fluorescence analysis, cells were first labeled with a biotinylated Ab and PElabeled streptavidin, followed by exposure to the second, FITC-labeled Ab. Flow cytometry followed routine procedures. The production of human cytokines (IFN-␥ and TNF-␣) by PEC and SC isolated from SCID mice was determined by intracellular flow cytometry essentially as previously described (45) . Briefly, adherent cell-depleted (two periods of 1-h plastic adherence) PEC and SC were cultured for 24 h in the presence of 20 U/ml rIL-2 and 5 M alendronate. Thereafter, cells were fixed, permeabilized, and stained with biotinylated anti-human TNF-␣ or IFN-␥ mAb (BD Biosciences), followed by PE-conjugated streptavidin (45) . All samples were measured on FACScan or FACSCalibur flow cytometers (BD Biosciences, Heidelberg, Germany) using CellQuest software.
Cytotoxicity assay
MeWo (melanoma; ECACC), Colo357 (pancreatic adenocarcinoma; ECACC), and PancTu1 (pancreatic adenocarcinoma; provided by Dr. H. Kalthoff, Section of Molecular Oncology, Universitätsklinikum SchleswigHolstein Campus Kiel, Kiel, Germany) were labeled with 100 Ci of sodium 51 Cr and used as targets in standard 4-h 51 Cr release assay with titrated numbers of ␥␦ T cells as effector cells. Specific lysis was calculated as follows: % specific lysis ϭ cpm test Ϫ cpm spontaneous /cpm max Ϫ cpm spontaneous , where spontaneous release was determined in medium only, and maximal release was determined in Triton-lysed target cells. To determine the Fas sensitivity of tumor cells, 51 Cr-labeled target cells were incubated with the agonistic anti-Fas/CD95 mAb CH11 (1 g/ml; Kamiya Biomedical, Seattle, WA). To investigate the modulation of cytotoxic activity, effector cells were preincubated for 30 -60 min before the assay with one of the following: anti-V␥9 mAb 7A5 or control mouse IgG (Sigma-Aldrich, St. Louis, MO; 10 g/ml); pan-caspase inhibitor zVAD-fmk (100 M; Bachem, Bubendorf, Switzerland); phosphoantigen BrHPP (200 nM; Innate Pharma, Marseille, France); or alendronate (5 M; Merck, Rahway, NJ).
SCID mouse/human tumor model
For in vivo experiments, the melanoma line MeWo and the pancreatic adenocarcinoma line PancTu1 were used. SCID mice were conditioned by irradiation (300 rad) and anti-asialo-GM1 (WAKO, Osaka, Japan) treatment according to the manufacturer's suggestions (46) . Mice received a single i.p. injection of 5 ϫ 10 6 MeWo or PancTu1 cells. According to the i.p. application of titrated numbers of these two human tumor lines in SCID mice, 5 ϫ 10 6 tumor cells were in the range of 10-fold (MeWo) and 20-fold (PancTu1) the tumor dose 100% take. The high numbers of tumor cells were inoculated to allow for full-fledged tumor growth within the period before graft-vs-host (GvH) reactions developed in the SCID mouse reconstituted with human PBL. Mice received concomitantly with the tumor cells an i.p. injection of human rIL-2 (300 ng) or bisphosphonate alendronate (10 g) plus rIL-2 (300 ng). The application of rIL-2 and bisphosphonate was repeated at 4-day intervals. Where indicated, mice received, in addition, ␥␦ T cells (described above) on day 0 (2 ϫ 10 7 ), day 4 (5 ϫ 10 6 ), day 10 (6 ϫ 10 6 ), day 20 (1 ϫ 10 7 ), and day 30 (1 ϫ 10 7 ). In our experience, the danger of lethal GvH reactions rapidly increases with additional applications of human PBL. In fact, three of the mice receiving 5-fold ␥␦ T cells died within 5 days after the last ␥␦ T cell application without any sign of tumor growth, but evidence for GvH disease (destruction of gut epithelium, bloody stool, and icteric liver). These mice were not included in the presented experiments.
Results
In vitro activation of ␥␦ T cells by alendronate
PBMC from healthy adult blood donors containing 3-6% ␥␦ T cells were cultured with titrated concentrations of the phosphoantigen BrHPP (34) or alendronate in the presence of 100 U/ml rIL-2. The cellular expansion of V␥9 ␥␦ T cells was monitored by SCDA, as described in Materials and Methods. As shown for three representative donors in Fig. 1 , 1-10 M alendronate induced a dramatic expansion of V␥9 T cells. At an optimal concentration (5 M), alendronate stimulated selective growth of V␥9 T cells to almost similar levels as did optimal concentrations (200 nM) of the synthetic phosphoantigen BrHPP. The outgrowth of ␥␦ T cells in response to alendronate required the addition of exogenous IL-2, because ␥␦ T cells did not produce T cell growth factors after alendronate or phosphoantigen stimulation (not shown) (47) . ␥␦ T cell lines initiated by alendronate stimulation were propagated in rIL-2-supplemented medium and restimulated with alendronate and irradiated feeder cells twice at 14-day intervals. At that time, cell cultures contained 50 -80% V␥9 ␥␦ T cells. To obtain sufficient cell numbers for adoptive transfer experiments, V␥9 cells were purified from these cultures by negative MACS and further expanded with occasional restimulation as required (41) . With this protocol, V␥9 T cells could be readily expanded to 2 ϫ 10 9 cells, starting from 50 ml of blood.
In vitro cytotoxicity of V␥9V␦2 ␥␦ T cell lines
We used the melanoma line MeWo and the pancreatic adenocarcinomas PancTu1 and Colo357 as targets for V␥9 ␥␦ T cells in vitro. As shown in Fig. 2 , all three cell lines strongly expressed HLA class I and variable amounts of MICA. PancTu1 and Colo357 were strongly Fas/CD95-positive, whereas MeWo lacked CD95 expression. Fas sensitivity was tested in a 4-h 51 Cr release assay using the agonistic anti-CD95 mAb CH11. Although Colo357 was Fas-sensitive, both MeWo and PancTu1 proved Fasresistant (not shown). The Fas resistance of PancTu1 despite strong surface expression is well in line with the known defect in Fas signaling in these cells (48) . V␥9V␦2 T cell lines were established from several healthy donors by initial activation and restimulation with alendronate, purified by negative selection, and further expanded as described in Materials and Methods. The cells uniformly expressed V␦2, V␥9, NKG2D, and variable levels of CD94, NKG2A, and CD56, and lacked CD16 and V␦1 expression (Fig. 3a) . These ␥␦ T cell lines were tested for cytotoxicity in a standard 4-h 51 Cr release assay against the various tumor targets. As shown in Fig. 3b , MeWo and Colo357 were efficiently lysed by the various ␥␦ T cell lines, whereas PancTu1 was lysed by some, but not all, lines tested. To characterize the cytotoxic activity in more detail, we analyzed the effects of anti-TCR mAb blockade, preactivation of ␥␦ T cells with phosphoantigen, and caspase inhibition with the pan-caspase inhibitor zVAD. The results of representative experiments are presented in Fig. 4 . In contrast to PancTu1 and Colo357, lysis of MeWo was consistently inhibited by anti-TCR mAb 7A5 (but not by control Ig), suggesting TCRdependent target cell recognition (Fig. 4a) . The cytolytic activity of V␥9V␦2 T cells can be enhanced by phosphoantigens (49, 50) . As shown in Fig. 4b , preincubation of ␥␦ effector cells with BrHPP or alendronate enhanced the killing of all three tumor cells. In this regard, BrHPP was generally more effective than alendronate. Notably, the preactivation of ␥␦ T cells with BrHPP or alendronate induced significant killing of PancTu1 cells even in cases where only minimal lysis was observed in the absence of phosphoantigens (see Fig. 4b ). Finally, we observed striking differences with regard to inhibition of cytotoxicity by the pan-caspase inhibitor zVAD. As shown in Fig. 4c , killing of Colo357 by ␥␦ T cells was completely inhibited by 100 M zVAD, whereas lysis of MeWo and PancTu1 was not significantly affected. Next, we asked whether the increased lysis after phosphoantigen preincubation (Fig. 4b) involved TCR-dependent target recognition in cases where lysis in the absence of phosphoantigen was not inhibited by anti-TCR mAb. To this end, EP3 or DU ␥␦ T cell lines were incubated for 30 min in the absence or the presence of BrHPP. Thereafter, control Ig or anti-V␥9 mAb 7A5 was added for another 30 min before tumor target cells were added. As shown in Fig.  5a (left), lysis of Colo357 by EP3 cells in the absence of BrHPP was not inhibited by 7A5 mAb (in line with the results in Fig. 4a ). In contrast, BrHPP-increased lysis was substantially inhibited by 7A5 mAb (but not by control Ig), but strikingly only to the level of spontaneous lysis mediated in the absence of BrHPP (Fig. 5a , right; compare with Fig. 5a, left) . This suggests that killing of Colo357 by EP3 cells involves TCR-dependent (i.e., induced by BrHPP and inhibited by anti-TCR mAb) and TCR-independent (not inhibited by anti-TCR mAb) target recognition. In contrast, spontaneous (TCR-dependent or -independent) cytotoxicity was minimal when DU ␥␦ T cells were tested against PancTu1 target cells (Fig. 5b, left) . Again, lysis was drastically increased when effector cells were preincubated with BrHPP, and the phosphoantigen-triggered cytotoxicity was inhibited by 7A5 mAb, but not by control Ig (Fig. 5b, right) . 
In vivo antitumor activity of V␥9V␦2 ␥␦ T cell lines
The SCID mouse/human tumor model system was used to analyze the antitumor activity of ␥␦ T cells in vivo against MeWo melanoma and PancTu1 pancreatic adenocarcinoma. In the first experiment, groups of seven or eight mice received 5 ϫ 
ascites and had only two to five small metastatic nodules in the liver. Multiple liver metastases in ␥␦ T cell receiving mice were seen only in the two mice that survived for Ͼ70 days. The latter observations could have indicated that tumor cells possibly started to expand only after exhaustion of ␥␦ T cells. To support the hypothesis and also to determine whether alendronate alone exerted some antitumor activity in this setting (51), we performed two additional in vivo experiments with another V␥9 ␥␦ T cell line that was given repeatedly and included appropriate controls for possible effects of alendronate and rIL-2. As shown in Fig.  7a , alendronate and rIL-2 alone or in combination did not have any effect on the survival of SCID mice inoculated i.p. with 5 ϫ 10 6 MeWo cells. As in the previous experiment, the application of DK ␥␦ T cells on days 0 and 4 (together with alendronate and rIL-2) significantly prolonged the mean survival time. Much longer survival was achieved, however, when ␥␦ T cells were given repeatedly at 10-day intervals. In this study the mean survival time was prolonged from 28.5 to 87.3 days, whereas mice receiving ␥␦ T cells on days 0 and 4 only had a mean survival time of 44.9 days. The difference in the mean survival time of mice receiving ␥␦ T cells two vs five times was highly significant ( p ϭ 0.0021). Similar to the previous experiment, mice receiving ␥␦ T cells developed only few, rather than many, tumor nodules. Repeated applications of ␥␦ T cells were also accompanied by a corresponding decrease in liver metastases. One mouse receiving five doses of ␥␦ T cells was killed 180 days after tumor cell application and was tumor free, and an additional four mice of this group had no visible metastases at autopsy. Very similar results were obtained with PancTu1 tumor cells (Fig. 7b) . Again, alendronate and rIL-2, alone or in combination, did not significantly increase the survival of SCID mice. Repetitive inoculation of DK ␥␦ T cells (displaying strong in vitro cytotoxicity against PancTu1; see Fig. 3b ) significantly increased the mean survival time, and there was a clear correlation between the frequency of ␥␦ T cell application and survival, as shown in Fig. 7b . The best results were thus obtained when ␥␦ T cells were given five times, on days 0, 4, 10, 20, and 30, which increased the mean survival time to 48.4 Ϯ 6.4 days compared with the survival time of 25.4 Ϯ 2.8 days in the alendronate plus IL-2 only group ( p Ͻ 0.0001) and the survival time of 32.0 Ϯ 2.4 days of mice receiving two treatments with ␥␦ T cells ( p ϭ 0.0007). PancTu1 cells settled frequently in the pancreatic gland, but rarely formed liver metastasis. However, the mice suffered from cachexia and became icteric. Together, these results demonstrate that human V␥9V␦2 ␥␦ T cells exert significant antitumor activity against two different human tumor types in 
Characterization of human cells after adoptive transfer into SCID mice
To follow the fate of ␥␦ T cells as well as their state of activity in the tumor-bearing mice, two animals per group were killed at various time points after the last transfer of ␥␦ T cells. The application of rIL-2 and bisphosphonate had no impact on the number of cells recovered from the PEC or SC, and leukocytes could not be recovered from remnant lymph node cells (LNC). The number of recovered PEC increased steadily by the repeated transfer of human ␥␦ T cells (Fig. 8a) . In the spleen, a major increase in recovery was only observed after repeated application of ␥␦ T cells (Fig.  8b) . Also, LNC, albeit few, were only recovered in SCID mice receiving four or five doses of ␥␦ T cells (data not shown). The recovery of leukocytes was independent of whether the mice had been inoculated with PancTu1 or MeWo.
We have shown previously that human ␣␤ T cells survive for a limited period of time in the SCID mouse (52) . This also holds true for ␥␦ T cells, as apparent by the evaluation of the percentage of human and mouse MHC class I-positive cells (Fig. 8c) . Fourteen days after the last of multiple injections (days 0, 4, 10, and 20) of ␥␦ T cells, the majority of PEC and SC (Fig. 8c ) and all LNC (not shown) expressed human MHC class I Ags. However, the percentage of human leukocytes decreased steadily with time in the xenogeneic host. Thus, relatively few human cells were recovered on day 34 from mice that had received human ␥␦ T cells twice (days 0 and 4) or three times (days 0, 4, and 10) compared with mice that had been given a fourth injection on day 20 (Fig. 8c) . Apparently, the decrease in human leukocytes was accompanied by an increase in murine macrophages, as demonstrated in Table I for mice receiving four injections of ␥␦ T cells. More than 60% of PEC and Ͼ80% of SC were of human origin, and the vast majority of HLA class I ϩ cells expressed CD3 and ␥␦ TCR, as also revealed by double-fluorescence staining with anti-CD3 and a pan anti-␥␦ mAb (data not shown), indicating that there was no obvious change in the phenotype of the injected human lymphocytes. It should also be noted that even on days 34 after tumor cell inoculation, murine NK cells had not recovered and thus could be excluded from contributing to tumor growth retardation. However, there was a slight increase in the number of peritoneal murine macrophages in mice receiving ␥␦ T cells compared with mice receiving rIL-2 only. To explore the functional activity of ␥␦ T cells in the tumor-bearing mouse, we evaluated their ex vivo proliferative capacity and cytokine expression pattern (Fig. 9 ) PEC and SC preparations from mice that had received ␥␦ T cells were depleted of adherent cells. The remaining cell population was stained to Ͼ90% by an HLA class I-specific mAb and could thus be considered as predominantly human leukocytes. All mice were killed on day 34 after tumor cell inoculation, i.e., ␥␦ T cells from mice receiving two or three injections had survived for 30 and 24 days in the SCID mice. These T cells still proliferated in the presence of rIL-2 and alendronate, but at a much decreased rate compared with T cells passaged for 14 days in the SCID mouse (Fig. 9a) . Notably, the latter mice, which had received four injections of ␥␦ T cells, did not show any visible tumor growth at autopsy. Furthermore, ␥␦ T cells recovered from tumor-bearing SCID mice that had been cultured ex vivo in the presence of irradiated tumor cells displayed strongly reduced proliferative activity (data not shown). Persisting functional activity of adherent cell-depleted PEC and SC populations was also confirmed at the level of cytokine production. As revealed by flow cytometry of cells that had been maintained in culture for 20 h in the presence of rIL-2 and alendronate, a considerable fraction of PEC (Fig. 9b) and SC (Fig. 9c) expressed human IFN-␥ or TNF-␣. In line with the decrease in proliferative activity, the fraction of cytokine-expressing human leukocytes decreased strongly during prolonged persistence in the xenogeneic host (Fig. 9, b and c) .
Taken together, human ␥␦ T cells survived and expanded in the SCID mouse, particularly when applied repeatedly. However, their functional activity vanished with time, which might be due to tumor-induced immunosuppression.
Discussion
Both experimental and clinical studies suggest that ␥␦ T cells play a significant role in the control of epithelial homoeostasis and tumor cell development (23, 27, 53, 54) . Activated human ␥␦ T cells exert broad cytotoxic activity toward many different tumor cell types (see Ref. 54 for a review). Therefore, it is tempting to explore the potential usage of ␥␦ T cells for the immunotherapy of human cancers. Such strategies are aided by the fact that there are ligands available that selectively activate subsets of human ␥␦ T cells. Thus, all V␥9V␦2 T cells (which represent the dominant ␥␦ T cell subset and can account for up to 5% of all T cells in the peripheral blood) recognize natural microbial phosphoantigens and synthetic analogues such as BrHPP (9 -12, 34) . Moreover, the very same ␥␦ T cells are also activated by aminobisphosphonates, licensed drugs that are in clinical use for the treatment of osteoporosis and bone metastasis (35) (36) (37) (38) . These drugs (or synthetic phosphoantigens) in combination with IL-2 might thus be used to boost human ␥␦ T cell activity in vivo, a strategy that is currently under investigation (39, 40) . Unfortunately, murine ␥␦ T cells do not recognize phosphoantigens. Therefore, conventional mouse models cannot be used to explore the possible antitumor activity of phosphoantigen-activated ␥␦ T cells in vivo.
In the present study we have characterized the tumor reactivity of alendronate-activated human ␥␦ T cells in vitro and in an adoptive transfer model in vivo. Most V␥9V␦2 ␥␦ T cell lines established from healthy blood donors efficiently killed the melanoma line MeWo and the pancreatic adenocarcinoma Colo357, whereas the susceptibility of PancTu1 was more donor dependent. The ␥␦ T cell lines used in our study varied in their expression of CD56, but were CD16 (Fc␥RIII)-negative (Fig. 3a) . Interestingly, a recent report suggested that V␥9V␦2 T cells can be subdivided into functionally distinct subgroups on the basis of the CD16 expression. Cytotoxic activity and perforin expression were confined to the CD16-positive subpopulation of CD27 Ϫ CD62L Ϫ V␦2 ␥␦ T cells (55) . In contrast, Lafont et al. (56) have shown that freshly isolated V␥9V␦2 ␥␦ T cells are CD16-negative, but acquire CD16 expression upon TCR-mediated activation. In their study, CD16 expression reached a plateau after ϳ3 wk of stimulation, which was subsequently down-regulated to an undetectable level 4 -6 wk after stimulation (56) . Although our results clearly indicate that at least some CD16-negative V␥9V␦2 T cells can also exert potent cytotoxic activity, it is worth considering establishing alendronate (or phosphoantigen)-derived ␥␦ T cell lines for adoptive immunotherapy from ␥␦ T cells that have acquired CD16 during the early phases of in vitro culture in the future. In the present experiments, lysis of tumor cells by ␥␦ T cell lines was certainly not dependent on CD16 (57), because our effector cells were CD16-negative. Although the underlying effector/target cell interaction is not clear (58) have recently shown that some tumor cells produce phosphorylated mevalonate metabolites that stimulate V␥9V␦2 T cells. Interestingly, aminobisphosphonates are well-known inhibitors of farnesyl pyrophosphate synthase (59) , thereby leading to an intracellular accumulation of ␥␦-stimulating phosphorylated mevalonate intermediates. Therefore, it is possible that human ␥␦ T cells are stimulated by aminobisphosphonates via two mechanisms: 1) the direct presentation through APC (37), and 2) the intracellular accumulation of mevalonate metabolites due to inhibition of farnesyl pyrophosphate synthase (58, 59) . In contrast to MeWo, spontaneous killing of Colo357 and PancTu1 by several ␥␦ T cell lines was not inhibited by anti-TCR mAb, suggesting TCR-independent triggering of the cytotoxic effector function in these instances. Both tumor cells expressed MICA, and the ␥␦ T cell lines expressed NKG2D and NKG2A, activating and inhibitory receptors for MICA and HLA-E, respectively (16, 60) . Therefore, it is possible that the spontaneous cytotoxicity of ␥␦ T cells toward Colo357 and PancTu1 tumor targets resulted from MICA-NKG2D receptor interactions. In line with published data (49, 50) , the cytotoxic activity of ␥␦ T cell lines toward all three analyzed tumor targets was strongly enhanced by preactivation with BrHPP and to some extent by alendronate. Interestingly, the BrHPP-augmented lysis of Panc Tu1 and Colo 357 was inhibited by anti-TCR mAb, suggesting that lysis of these two tumors by ␥␦ T cell lines involved TCR-independent spontaneous as well as phosphoantigentriggered TCR-dependent tumor cell recognition. We also used the pan-caspase inhibitor zVAD-fmk to analyze the possible contribution of caspases to the execution of ␥␦ T cell-mediated tumor cell lysis. In this study we reproducibly observed close to complete inhibition of lysis of Colo357, but not of either MeWo nor PancTu1. Among the three tumor cells analyzed in this study, Colo357 was the only one susceptible to anti-Fas/CD95-mediated apoptosis, whereas MeWo was Fas/CD95-negative and PancTu1 proved Fas/CD95-resistant despite strong cell surface expression (48) . The inhibitory effect of zVAD in the case of Colo357 target cells is thus in line with a role of Fas/Fas ligand-dependent target cell lysis triggered by ␥␦ T cells (61) . It is most likely that the lysis of Fas/CD95-negative MeWo and of Fas/CD95-resistant PancTu1 cells involved other cytolytic effector machinery, such as the perforin/granzyme or the granulysin pathways (62, 63) . Together, the results of our in vitro studies with three different tumor target cell and five different ␥␦ effector T cells revealed substantial heterogeneity with respect to the involvement of TCR-dependent target recognition and the impact of caspase inhibition in target cell destruction.
Previous investigators have demonstrated the antitumor efficacy of human ␥␦ T cells in vivo after adoptive transfer into SCID mice inoculated with human tumor cells. In this model system, antitumor activity of human ␥␦ T cells has been demonstrated against Daudi lymphoma, nasopharyngeal carcinoma, and melanoma (31-33). The two major subsets of human ␥␦ T cells, i.e., V␦2 and V␦1, differ in various respects, such as tissue localization and spectrum of ligands recognized by the respective TCR (13, 64) . Therefore, these subsets should differ in their in vivo antitumor efficacy, depending on the type of tumor and perhaps additional parameters, such as the migratory properties of V␦1 vs V␦2 T cells (64) . However, the TCR V gene expression of adoptively transferred ␥␦ T cells has not been characterized in all previous studies. In the case of adoptive transfer of Daudi-reactive ␥␦ T cells (33) , it can be assumed that the human ␥␦ T cells expressed V␦2 and V␥9, because anti-Daudi reactivity is exclusively associated with this ␥␦ T cell population (65) . No information on the TCR V gene usage of nasopharyngeal carcinoma-reactive human ␥␦ T cells transferred into SCID mice was provided in the study by Zheng and colleagues (31). Lozupone et al. (32) compared the efficacies of V␦1 and V␦2 T cells (as well as NK cells) on the growth of autologous melanoma xenografts in SCID mice in relationship to the route of tumor and ␥␦ T cell application. In their studies, the efficacies of V␦1 and V␦2 T cells were dependent on the route of ␥␦ T cell transfer. Although both V␦2 and V␦1 ␥␦ T cells (as well as NK cells) were effective when inoculated s.c. together with the melanoma, only V␦1 ␥␦ T cells exerted antitumor activity when given i.v (32) . In our studies we observed potent antitumor activity of alendronate-activated V␥9V␦2 T cells transferred i.p. into SCID mice together with pancreatic adenocarcinoma PancTu1 or melanoma MeWo. Although we have not yet explored alternative routes of ␥␦ T cell application (to avoid SCID mouse-related handicaps in ␥␦ T cell targeting toward the tumor), our present results substantially extend the previous studies. Thus, we show for the first time that a Fas/CD95-resistant pancreatic adenocarcinoma is susceptible to adoptive human ␥␦ T cell therapy in the SCID mouse model. In this as well as in the MeWo melanoma model, we observed a clear correlation between the survival time of SCID mice after inoculation of 5 ϫ 10 6 tumor cells and the frequency of adoptive ␥␦ T cell transfers. Optimal results were thus observed when ␥␦ T cells together with alendronate and IL-2 were given repetitively five times. Following this protocol, survival was highly significantly ( p Ͻ 0.005) prolonged compared with that using only the two-time application. The five-time repetitive application of ␥␦ T cells also led to highest recovery of PEC and lymphoid cells in the spleen, of which the vast majority were human HLA class I-positive CD3 ϩ ␥␦ T cells. A significant fraction of these cells produced human TNF-␣ and/or IFN-␥, which might have contributed to the efficacy of adoptively transferred ␥␦ T cells. Murine NK cells did not reappear in significant numbers, thereby excluding a contribution of these cells to the observed antitumor activity. From the autopsy of mice, which were killed for the ex vivo analysis of ␥␦ T cell survival and functional activity, it became apparent that with very few exceptions tumor growth was completely prevented for the period of ␥␦ T cell application. This finding suggests that continuation of the application of ␥␦ T cells, which was prohibited by the development of GvH disease, might have been curative. Whether the rather rapid decline in the recovery of ␥␦ T cells and in their functional activity, particularly in PancTu1-bearing mice, is an inherent feature of ␥␦ T cells, is due to the xenogeneic environment, or is brought about by tumor-mediated immunosuppression remains to be explored. Particularly the cachexia and the icterus developed by PancTu1-bearing mice as well as the strong inhibition of ␥␦ T cell proliferation in the presence of irradiated tumor cells argue at least for an unfavorable contribution of the tumor.
The level of ␥␦ T cell reactivity toward a given tumor cell is likely to result from the integration of positive and negative signals mediated through TCR-dependent ligand recognition and additional receptor-ligand interactions via inhibitory and activating NK receptors (66) . In this regard, it is of interest that all ␥␦ T cell lines used in this study strongly expressed the activating NKG2D receptor and variable levels of the inhibitory receptor NKG2A. Taken together, our present results together with those of previous studies suggest that adoptive transfer of activated ␥␦ T cells might be a useful approach in the treatment of human malignancies. In fact, the first tumor responses after aminobisphosphonate plus IL-2 therapy have been reported in patients with lymphoid malignancies (39) . We suggest that optimal therapeutic efficacy in tumor patients might require combined therapy with aminobisphosphonates (or phosphoantigens) plus IL-2, and the adoptive transfer of in vitro expanded autologous ␥␦ T cells. Tumor patients potentially responsive to ␥␦ T cell-based immunotherapy might be identified on the basis of strong in vitro reactivity of their ␥␦ T cells toward aminobisphosphonates and/or phosphoantigens.
